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Abstract Given concerns surrounding coral bleaching and
ocean acidification, there is renewed interest in characterizing
the physiological differences across the multiple host—algal
symbiont combinations commonly found on coral reefs.
Elevated temperature and CO, were used to compare phys-
iological responses within the scleractinian corals Montipora
hirsuta (Symbiodinium C15) and Pocillopora damicornis
(Symbiodinium D1I), as well as the corallimorph (a non-cal-
cifying anthozoan closely related to scleractinians) Disco-
soma nummiforme (Symbiodinium C3). Several physiological
proxies were affected more by temperature than CO,,
including photochemistry, algal number and cellular chloro-
phyll a. Marked differences in symbiont number, chlorophyll
and volume contributed to distinctive patterns of chlorophyll
absorption among these animals. In contrast, carbon fixation
either did not change or increased under elevated tempera-
ture. Also, the rate of photosynthetically fixed carbon
translocated to each host did not change, and the percent of
carbon translocated to the host increased in the corallimorph.
Comparing all data revealed a significant negative correlation
between photosynthetic rate and symbiont density that cor-
roborates previous hypotheses about carbon limitation in
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these symbioses. The ratio of symbiont-normalized photo-
synthetic rate relative to the rate of symbiont-normalized
carbon translocation (P:T) was compared in these organisms
as well as the anemone, Exaiptasia pallida hosting Symbio-
dinium minutum, and revealed a P:T close to unity (D.
nummiforme) to a range of 2.0—4.5, with the lowest carbon
translocation in the sea anemone. Major differences in the
thermal responses across these organisms provide further
evidence of a range of acclimation potential and physiolog-
ical plasticity that highlights the need for continued study of
these symbioses across a larger group of host taxa.

Keywords Temperature and CO, acclimation ¢ Package
effect * Chlorophyll @ ' Carbon limitation

Introduction

The genus Symbiodinium represents a highly diverse group
of dinoflagellates well known for forming unique sym-
bioses with several marine invertebrate taxa, including
cnidarians, mollusks and sponges (Fitt 1985; Hoegh-
Guldberg and Bruno 2010; Weisz et al. 2010). Through
phylogenetic analysis of several genes, Symbiodinium are
commonly divided into nine major clades (LaJeunesse
2001; Coffroth and Santos 2005). Recent attention has been
placed on comparing this genetic diversity with physio-
logical differences and tolerance to environmental stress.
Coral bleaching, which describes the expulsion of sym-
bionts from the host tissue, is a frequent and often fatal
phenomenon most commonly associated with high-tem-
perature stress (Brown 1997). In addition, stress brought on
by changes in pH and carbonate chemistry due to ocean
acidification is also of concern with respect to coral reef
health (Brading et al. 2011; Comeau et al. 2013). With
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major increases in sea surface temperature and pCO, pre-
dicted by the end of this century (IPCC 2013), under-
standing the physiological differences among host/
Symbiodinium combinations and how they possibly miti-
gate stress related to climate change will become increas-
ingly important in predicting the success of these
organisms (Baker 2003).

Much Symbiodinium research has focused on sclerac-
tinian coral species due to their importance in calcium
carbonate deposition and reef growth. However, non-cal-
cifying symbiotic cnidarians also provide critical ecologi-
cal functions, making their response to environmental
change also of importance (Tkachenko et al. 2007). Recent,
disturbance-induced phase shifts from calcifying sclerac-
tinians to non-calcifying anthozoans are one example
(Tkachenko et al. 2007; Norstro'm et al. 2009; Dudgeon
et al. 2010) and highlight this possibility in response to
high temperature and or elevated pCO,. The growth rates
and productivity of the anemone, Anemonia viridis
increased with proximity to naturally occurring CO, seeps
off the coast of Italy (Suggett et al. 2012) and numerous
laboratory experiments have now documented the benefits
of elevated pCO, for different anemone species (Towanda
and Thuesen 2012; Gibbin and Davy 2014). In contrast,
scleractinian studies have documented a much broader
range of effects on calcification, respiration and photo-
synthesis (Kaniewska et al. 2012; Comeau et al. 2013;
Edmunds et al. 2013; Schoepf et al. 2013). Reductions in
scleractinian coral coverage due to thermal bleaching and
ocean acidification, along with documented pCO, benefits
to anemones, suggest that future corals reefs could be
dominated by non-calcifying species. Nevertheless, addi-
tional research on other non-calcifying anthozoans is nee-
ded. For example, taxonomically, corallimorphs are rooted
within the scleractinian lineage, making them an ideal (yet
understudied) group of cnidarians for comparison with
calcifying coral species (Medina et al. 2006; Kitahara et al.
2014). Understanding how different cnidarian symbioses
respond to environmental stressors, including increased
temperature and elevated pCO,, may be a critical factor in
predicting what cnidarian species dominate future coral
reefs. Importantly, given that future reefs will likely
encounter both elevated temperature and pCO, (Hughes
and Connell 1999; Hughes et al. 2003; Hoegh-Guldberg
et al. 2007), understanding their possible antagonistic or
synergistic effects, and whether this varies across antho-
zoans, is of high importance.

For scleractinian corals, the efficiency of capturing solar
radiation for photosynthesis is increased through light
scattering by the skeleton (Enriquez et al. 2005; Wang-
praseurt et al. 2012). Although these bio-optical properties
result in highly efficient light capture, drawbacks exist.
Reductions in symbiont densities from thermal bleaching
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dramatically increase the internal light field for remaining
symbionts, potentially increasing the possible damage to
the photosynthetic apparatus, resulting in a negative feed-
back for light capture efficiency (Rodriguez-Roma'n et al.
2006; Wangpraseurt et al. 2012). In contrast, the bio-op-
tical properties of symbionts in non-calcifying symbiotic
anthozoans likely differ and may significantly alter their
photophysiological response to thermal stress and the light
environment (Kuguru et al. 2010).

Changes in algal cell size and chlorophyll concentration
can also be critical in managing environmental stressors
such as high solar irradiance, allowing the symbiont to
acclimatize to varying conditions so as to optimize pro-
ductivity (Warner et al. 1996; Fitt et al. 2001; Key et al.
2010). However, the degree of plasticity can vary widely
among different symbiont types and within different host
species and taxa (Leal et al. 2015). The potential for phys-
iological variability both among and within specific groups
of Symbiodinium, along with differences in cnidarian host
morphologies, significantly expands the array of possible
acclimation and stress mitigation strategies for coping with
climate change (Cooper et al. 2011; Leal et al. 2015).

Variable rates of autotrophic carbon uptake and
translocation have been observed, suggesting that the
specific host-symbiont combinations play an important
role in establishing rates of carbon incorporation in these
symbioses (Davy et al. 1996; Engebretson and Muller-
Parker 1999; Davy and Cook 2001; Leal et al. 2015).
Understanding differences in carbon incorporation among
anthozoan species and how environmental stress affects
them may be critical to our understanding of future reefs
and their symbiotic constituents. However, characterizing
symbiont productivity across coral species can be some-
what complex due to species-specific differences among
host organisms. Better comparative metrics are needed to
understand differences across host taxa.

The goal of this study was to use high-temperature and
elevated CO, conditions to characterize physiological
plasticity across three different host—-symbiont combina-
tions representing two different host taxa (Scleractinia and
Corallimorpharia) in order to highlight physical features
that are most important in responding to environmental
stress within each holobiont. Bio-optical and biophysical
differences among symbiont types were considered, along
with how holobiont physiology might influence the sym-
bionts’ response/acclimation to environmental stress.
When compared among species, our data set highlights a
distinct inverse relationship between productivity and cell
density, in agreement with previously established hypoth-
esis regarding carboy limitation within the hgst. Rates of
photosynthesis cell  to translocation cell (P:T) are
compared across species and discussed in reference to
environmental stress.
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Materials and methods
Experimental setup

Two scleractinian species, Montipora hirsuta and Pocil-
lopora damicornis, were obtained from a commercial coral
mariculture facility in New Albany, Ohio (Reef Systems
Coral Farm), where the corals were held for over 10 yr.
Individual nubbins were originally harvested from a single
adult colony 1-2 yr prior to transportation to Lewes,
Delaware. Once in Delaware, coral nubbins were allowed
to acclimate for an additional 10 months prior to experi-
mentation. Several individuals of the corallimorph, Dis-
cosoma nummiforme were purchased from a local
aquarium shop and maintained under laboratory conditions
for over 3 yr prior to experimentation such that the samples
used in this study were second- or third-generation speci-
mens. As the organisms used in this experiment represent
clonal copies or fragments originally isolated from a single
colony, our results cannot be used to infer population-wide
trends. Rather, similar to other published physiological
comparisons (Shick and Dowse 1985; Shick et al. 2011),
our design appropriately highlights the degree of variation
and acclimation within an individual colony as it pertains
to changes in temperature and pCO,, while minimizing
experimental variability.

All samples were maintained in seawater collected from
the Indian River Inlet, DE, during incoming tides. Seawater
was filtered to 1 um and UV sterilized prior to use. Typical
seawater parameters after filtration were: tempera-
ture = 27 £ 0.5 °C, salinity = 33 + 0.58, pH = 8.17 +
0.05, total alkalinity = 2072 & 47 umol kg . All coral
specimens were illuminated by a customized LED array
(Cree XPG-RS5, cool white; 5000-8300 K). To better simu-
late a natural diel light cycle, lights were ramped up from a
minimum of 10 umol quanta m 2 s”! to a maximum of
400 pumol quanta m 2 s"Lovera3-h period, then remained
at 400 umol quanta m 2 s for6h, prior to ramping back
down over the last 3 h within the 12:12 light/dark cycle.

Treatments consisted of two temperatures (26.5 and
31.5 °C) and two pCO» conditions (400 and 800 patm) for
a total of four separate treatment conditions. Corals were
exposed to treatment conditions for a total of 18 d.
Ambient and elevated pCO, conditions were maintained
via a pH stat system, which controlled the bubbling of air,
CO;-free air and/or CO» into each treatment system based
on the pH of the seawater. Temperature was maintained
using electronically controlled titanium heaters housed in
each sump (Neptune Systems). Within the high-tgmpera-
ture treatments, temperature was ramped 0.5 °Cd from a
starting temperature of 26.5 °C, until reaching the target of
31.5 °C. Each treatment system consisted of five 15-L

aquaria connected to a central 416-L recirculating sump.
Flow rates within each aquarium were held at 567 Lh . A
40 % water change was preformed on each system every
second day. Salinity was maintained at 32 ppt through
daily top-offs with reverse osmosis and deionized (RO/DI)
filtered water.

The pH stat microelectrodes (Ross Ultra Semi-Micro pH
Electrode) were recalibrated every second day with NBS
buffer standards and confirmed through independent mea-
surements of pH (Fischer Scientific A815 Plus pH meter).
Temperature was monitored electronically every 5 min
(Neptune Systems) and salinity monitored every second
day with a refractometer. Total alkalinity (TA) within each
system was measured every 6 d using a bromocresol blue-
based colorimetric assay with a fiber optic spectrometer
(USB4000, Ocean Optics) and titrator (876 Dosimat plus;
Yao and Byrne 1998). Accuracy of TA measurements was
checked against a seawater standard (Scripps) and typically
deviated by less than 5 %. Seawater chemistry parameters
are shown in Table 1 and average temperatures for each
treatment system are in Electronic Supplementary Mate-
rial, ESM Fig. S1.

Symbiodinium identity

Symbiont genotypes were identified for each nubbin at the
end of the experiment through amplification of the internal
transcribed spacer 2 region (ITS2) of the ribosomal array
and subsequently analyzed by previously published proto-
cols for denaturing gradient gel electrophoresis (DGGE)
and cycle sequencing (LaJeunesse et al. 2003).

Symbiont photochemistry and spectral absorbance

Maximum quantum yield of photosystem II (PSII, Fv/Fm)
and the functional absorption cross section of PSII (6pgy;)
were measured using a fluorescence induction and relax-
ation (FIRe) fluorometer (Satlantic Inc, Halifax) on the
final night of the experiment. Measurements were taken 1 h
after the start of the dark period and consisted of five
iterations of a 120-ps single turnover flash and analyzed by
fitting each fluorescence transient curve using the F/RE-
PRO software (Kolber and Falkowski 1998; Hennige et al.
2011).

PSII electron transport rates (ETR) were also measured
on the last day. All measurements were first dark-accli-
mated for 30 min and then exposed to an actinic light
source (Cree XPGsRS5, cool white; 5000-8300 K,
354 ymol quantam s ) for 4 min. Electron transport
rates were calculated as

ETR = Thg; x g po x PFD x 21:683
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Table 1 Average conditions
(mean =+ SE) for each of the
treatments

Temperature (°C) Ambient CO> High CO>

Ambient Elevated Ambient Elevated
pH 8.15 £ 0.027 8.16 = 0.034 7.91 £ 0.101 7.86 = 0.062
pCO; (patm) L 376 = 11.23 381 +=2.48 850 £ 27.19 812 £22.98
TA (Umol kg ) 2074 £ 69.67 2070 £ 113.17 2158 + 13.62 2107 £ 16.13
Aragonite saturation S, 3.04 £0.12 2.99 £ 0.02 1.83 £0.04 1.82 +=0.05
Salinity (ppt) 33.21 +0.81 32.93 £ 0.61 33.50 = 0.50 33.07 £0.18

All seawater carbonate chemistry based on pH (NBS) and total alkalinity (TA) measurements were cal-
culated using the CO2SYS program (Lewis and Wallace 1998)

where TIpg; = is the functional gross section of PSII
measured under actinic light, F =F = effective quantum
yleld _PFD = photon flux den51ty (354 pmol quanta
m~ ) and 21 .683 conyerts sgconds to hoprs, pmol e to
mole and A quantum tom mol RCII (RCII = PSII
reaction center; Suggett et al. 2003).

Spectral absorbance measurements were performed as
described in Enriquez et al. (2005) with reflectance (R) mea-
sured using a spectrometer (USB2000, Ocean Optics) and
absorbance (4) calculated as A = log[1/R]. Bleached skele-
tons were used as blanks for 100 % reflectance for the scler-
actinian corals, whereas a spectralon reflectance standard
functioned as the blank for the corallimorphs. Irradiance was
provided by a full-spectrum halogen light source (KL2500
LCD, Schott). A running average was used to smooth data.
Because we were only interested in chlorophyll a absorption,
only the chlorophyll peak (675 nm) was tested for significant
differences among treatments.

Photosynthetic carbon assimilation
and translocation

Coral nubbins were placed in separate 7 mL scintillation
Vlals containing 4 mL of seawater spiked with 15 pL pf

“C-labeled bicarbonate (specific activity 17 pCi umol ).
Six nubbins per treatment were used for each coral species.
Due to their size, D. nummiforme were placed in 20 mL
vials containing 10, L of spiked seawater with the same
concentration of  C-labeled bicarbonate. Vials were
placed on a LED lightstable (Cool White Cree XPG-RS;
600 umol photonsm s ;28 °C) for 90 min. A higher
light intensity was used during the incubation to ensure all
samples were at maximum photosynthesis, and preliminary
tests ensured that no signs of photoinhibition were evident
(data not shown). An additional six nubbins from each
species and treatment were placed in vials with  C-spiked
seawater and held in the dark for 90 min to account for
carbon uptake in the dark. Three additional vials containing
only the spiked seawater were also included for measure-
ment of total activity.

1 Springer

14
After C incubations, a 400-pL sample of seawater was

removed from each vial for calculation of total labeled
organic carbon (TOC) released by the holobiont. For P.
damicornis and M. hirsuta, nubbins were then remoyed from
the spiked seawater and placed intoa 1 mol L.  HCl in
seawater solution for less than 2 h to dissolve the skeleton.
The remaining tissue was then homogenized in 1 mL of
seawater using a tissue homogenizer (Tissue tearor, Bios-
pec). For D. nummiforme, each specimen was removed from
the spiked seawater and ground in 6 mL of seawater. The
resulting homogenate was centrifuged (50009g) for 5 min
to separate the host and symbiont portions. A 500 uL (1 mL
for D. nummiforme) subsample was removed and used to
measure carbon translocated to the host (H,), while 100 uL
of the remaining supernatant was used for calculating host
protein content. The remaining algal cell pellet was resus-
pended in 500 pL of filtered seawater (FSW, 1 mL for D.
nummiforme), vortexed and then centrifuged again to extract
any remaining host supernatant (RH,) from the algal pellet.
The resulting algal pellet (S) was then resuspended a final
time in 400 pL of FSW. All samples measured for radioac-
tivity were acidified with an equal volume of 0.1 mol L™t
HCI, placed in 7 mL scintillation vials for 24 h and then
combined with 5 mL of scintillation cocktail (Ultima Gold,
Perkin Elmer) prior to reading with a liquid scintillation
counter (Beckman LS-6500). All measurements and calcu-
lations follow established methods for Exaiptasia pallida
(Davy and Cook 2001). Translocation (Tr) and photosyn-
thesis p, .., rates were determined by the average specific
activity (g C dpm ) and the duration of the incubation. The
fraction of carbon translocated (T ) was calculated as

Ty = TOC + H, + RH,

and then normalized to host protein. TOC is the total
organic carbon, while H, and RH, are the host supernatant
and remaining host supernatant, respectively.

Net photosynthesis was normalized to total algal
cells and calculated as

Pyt = TOC +H, +RH, + S

(Pnet)

where S is the algal pellet described above. Using the ratio
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of the above equations, the fraction of photosynthate
translocated to the host was calculated as

Ty=Ppee = (TOC + H, + RH_)=(TOC + H, + RH, +S)

Cell density and chlorophyll samples (200 1L each)
were removed from the initial homggenized sample of the
animal prior to centrifugation for C analysis. Algal cell
density and volume were assessed by replicate hemocy-
tometer counts (n = 6) under 1009 magnification. Sam-
ples were photographed using a Nikon microphot-FXA
epifluorescent microscope and then analyzed by computer
using Image J software (NIH). For photopigment quan-
tification, pelleted cells were lysed in 90 % methanol with
a bead beater (BioSpec) for 60 s, incubated at —20 °C for
2 h and then centrifuged for 5 min at 5000 rpm to remove
remaining debris. Chlorophyll a concentration was then
calculated using established protocols (Porra et al. 1989).
Host protein concentrations were measured by the BCA
method (Thermo Scientific), with bovine serum albumin
used for standards. All absorbance measurements (chloro-
phyll and protein) were performed with a plate reader
(FLUOstar Omega BMG labtech).

Photosynthesis:translocation ratio

Photosynthetic activity was compared directly to translo-
cation by plotting symbiont-normalized maximal photo-
synthetic rates against symbiont-normalized translocation
rates. This analysis also included data from an earlier study
with an additional non-calcifying symbiotic anthozoan, the
anemone E. pallida, which hosted three different genotypes
of S. minutum. These additional data originated from a
similar experiment, using the same treatment system and
methods as this study, with anemones exposed to pCO,
levels of 400 and 800 latm for 1 month at 26.5 °C
(Hoadley et al. 2015).

Statistical analysis

Individual variables were tested for assumptions of
homogeneity of variance and normality of distribution
using the Levene and Shapiro—Wilk tests, respectively. If
either test invalidated these assumptions, the data were
square-rooted or log-transformed prior to further analysis.
A two-way analysis of variance (ANOVA) was used to test
for significant main effects of pCO, and temperature and
any potential interactive effects between the two
(@ = 0.05). When interaction effects were found, a Tukey
post hoc test was performed to test for differences among
the four treatments. If data failed to meet assumptions of
normality, a Kruskal-Wallis test with multiple compar-
isons was used instead. Nonlinear and linear regressions

were used to describe the relationships between net pho-
tosynthesis and symbiont density or total translocation.
Associations among all of the physiological variables
measured were examined by a principal components
analysis (PCA). Variables were normalized to remove
potential error from differences in unit scale associated
with the different physiological measurements included in
the analysis. Only principal components (PC) with eigen-
values greater than one were retained in the analysis.
Significant correlations with each principal component for
the 11 variables are provided in Table 2. All statistical
analyses used the open source software R with ‘car’ and
‘pgirmess’ and ‘FactoMineR’ packages installed (http://
www.R-project.org) or with Prizm 6 (GraphPad Software).

Results
Symbiont identification and stability

A subset of each species was genotyped prior to the start of
the experiment. Only one dominant symbiont type was
detected in each sample. Specifically, Symbiodinium C3
was found in D. nummiforme, C15 in M. hirsuta and DI in
P. damicornis. In addition, each symbiosis remained
stable throughout the experiment, with no additional algal
types detected within the different treatments.

Photochemistry

There was a significant interaction with temperature
and pCO; for the C3 symbiont (P = 0.0016) as Fv/Fm
declined with increasing temperature. However, the
decline was significantly less under high pCO,
(Table 2). An interactive effect was also observed for
the DI symbiont (P = 0.0011) as Fv/Fm significantly
increased with temperature under both pCO, treat-
ments. Fv/Fm yields also significantly increased with
CO, but only at ambient temperature (Table 2). No
significant differences were observed within the C/5
symbiont.

The electron transport rate significantly declined with
elevated temperature within the C3 (P = 0.0297) and D/
(P = 0.0277) symbionts, whereas no change occurred for
the C15 symbiont (Fig. 1; ESM Table S1). Likewise, the
functional absorption cross section (pgyy) did not change
significantly in the CI/5 symbiont, but significantly
decreased with temperature (P = 0.0040) in Symbiodinium
D1 (Table 3). In addition, there was a significant interac-
tive effect of temperature and pCO, (P = 0.0059) within
the C3 symbiont as 6pgy increased with temperature within
the low but not elevated pCO, treatments (Table 3).
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Table 2 Mean (£SE) maximum quantum yield of PSII (Fv/Fm) for
Discosoma nummiforme, Montipora hirsuta and Pocillopora dami-
cornis (n = 6). ANOVA column presents results from two-way
ANOVA with main effects temperature (temp) and pCO, (COy). LT

low temp, HT high temp, HTHC high temperature, high pCO,
treatment, HTLC high temperature, low pCO, treatment, LTHC low
temperature, high pCO, treatment, L7LC low temperature, low pCO»
treatment, NS no significant results

Temperature (°C) Ambient CO, High CO, ANOVA results Tukey post hoc results
Ambient Elevated Ambient Elevated
(C3) D. nummiforme 0.338 =0.011 0.173 = 0.011 0.323 +0.019 0.256 £ 0.012 Temp*CO,, P =0.002 LT > HT;
HTLC <HTHC
(C15) M. hirsuta 0.204 £ 0.005 0.211 £ 0.009 0.227 £0.009 0.218 =0.013 NS
(DI) P. damicornis ~ 0.267 £ 0.002 0.348 = 0.004 0.301 +0.007 0.336 £ 0.005 Temp*CO,, P = 0.0001 LT <HT;
LTLC <LTHC
4x107 @ (D mmmiforme Symbiodinium physiology
temp .
3%10] Chlorophyll concentration cell  significantly declined
with temperature for Symbiodinium C3 (P < 0.0001) and
2x10] DIl (P = 0.0140), while it increased significantly
(P =0.0150) for Ci5 (Fig.2a—c; ESM Table S3).
1x107 Although C3 density did not change, a significant tem-
perature-induced decline occurred in the C/5 symbiont
(P = 0.0212; Fig. 2d, e; ESM Table S3). A significant
, interactive effect for temperature and pCO, was observed
o 4x10° 1 (b) (CI) M. hirsuta for Symbiodinium DI (P = 0.0198), as cell density sig-
§ _ nificantly declined with temperature within the ambient
5 :; 3x10° 1 treatment but not within the elevated pCO, treatments
z 5 (Fig. 2f; ESM Table S3). Cell volume also did not change
g = 5 - T .. s T
& E o2x10 A significantly within Symbiodinium C3, whereas cell volume
g < S increased with temperature for C15 (P = 0.0042; Fig. 2g,
3 1x10 1 h; ESM Table S3). A significant interactive effect for the
= DI symbiont volume (P = 0.0068) was observed, as cell
0 volume increased significantly with elevated temperature
L but only at ambient pCO, (Fig. 2i; ESM Table S3). Cel-
4x10° (© (DDP. damicornis lular chlorophyll density (pg Chla ]ml\é[) decreased with
temp temperature (P < 0.0001) in the C3 symbiont (Fig. 2j,
3x10° Table S3). Although no significant changes were observed
within C/5 cells, an interactive effect (P = 0.0093) was
2x10° T noted for DI/ symbionts with cellular chlorophyll density
decreasing with temperature under ambient but not ele-
1x10° vated pCO, conditions (Fig. 2k, I; ESM Table S3).
Although there was no significant difference in col-
0 o w0 ony light absorption in the corallimorph, elevated

Seawater pCO, ( atm)

Fig. 1 Electron transport rates for Discosoma nummiforme (a),
Montipora hirsuta (b), Pocillopora damicornis (c). Averages plus
standard error are shown for two pCO;, levels and two temperatures
(26.5 °C: open bars, 32 °C: dark bars). The designation ‘temp’
indicates a significant temperature effect (two-way ANOVA)
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temperature resulted in a significant increase in absor-
bance in M. hirsuta (P = 0.0002; Fig. 3a, b; ESM
Table S3). In contrast, an interactive effect was
observed for P. damicornis (P < 0.0001) where absor-
bance decreased with temperature within the low, but
not elevated pCO, treatment. In addition, absorbance in
the elevated pCO, treatments was significantly lower
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Table 3 Mean (£SE) functional absorption cross section of PSII (A%
quantum , n = 6) for Discosoma nummiforme, Montipora hirsuta
and Pocillopora damicornis. ANOVA column presents results from
two-way ANOVA with main effects temperature (temp) and pCO,

(COy). HTHC high temperature, high pCO, treatment, HTLC high
temperature, low pCO; treatment, LTHC low temperature, high pCO,
treatment, L7LC low temperature, low pCO, treatment, NS no
significant results

Temp. (°C) Ambient CO, High CO, ANOVA Post hoc test
Ambient Elevated Ambient Elevated
(C3) D. nummiforme 379 £13 726 +£76 40316 480+£24 Temp*CO, P = 0.00594 HTLC [ HTHC; LTLC \ HTLC
(C15) M. hirsuta 477+17 498 +£23 47234 418+£28 NS
(DI) P. damicornis 421 +21 351+11 401*£10 37116 Temp P =0.004
C3 (D. nummiforme) (C15) M. hirsuta (DI) P. damicornis
- (a) temp (b) temp (©) temp
o~ 8 8 8
85 6 = 6 6
= o
E\ <
2= 4 4 4
§ O
S &
0 0 0
> 2500 (D) T 2500 1 (©) emp 2500 (B temp % pCO,
»n g
é S 20007 o 2000 2000
E £ 1500 1500 1500
_,E 2 1000 1000 1000
<
& % 500 500 i ._ 501 2 ab ab
0 0 A I
1000 ; (& 1000 ; () emp- 4000 , @ temp X pCO,
2 8001 1 [ ] 800 800
=7 600 600 600 b
S g ac bc
= 400 400 4007 2
© 200 200 200 ﬂ ﬂ
0 ¥ ¥ 0 ¥ ¥ 0 ¥ ¥
(J) temp (k) (l) temp ><pCO2
= 0015 0.015 00157 2
7 A
5 § oot 0.010 0.010 b
== b
= <
&0 0.005 ﬂ 0.005 0.005
N
= &
o 0.000 0.000 0.000
400 800 400 800 400 800

Seawater pCO2 ( atm)

Fig. 2 Chlorophyll a content per cell, cell density, cell volume and
chlorophyll density for Discosoma nummiforme (a, d, g, j), Montipora
hirsuta (b, e, h, k) and Pocillopora damicornis (c, f, i, 1). Averages
plus standard error (n = 6) are shown for two pCO; levels and two
temperatures (26.5 °C:  open bars, 32 °C: dark bars). The

than the ambient pCO, and ambient temperature treat-
ment but significantly higher than the combined ambi-
ent pCO;, and elevated temperature treatment (Fig. 3c;
ESM Table S2).

designations ‘temp’ and ‘temp 9 pCO,’ indicate significant temper-
ature or interactive effects (two-way ANOVA). The letters above
each bar indicate the results of Tukey pairwise analysis for significant
interactions

Carbon uptake and translocation

Although no significant differences in net photosynthesis
were noted for D. nummiforme, net photosynthesis
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Fig. 3 Spectral absorbance profiles for Discosoma nummiforme (a),
Montipora hirsuta (b) and Pocillopora damicornis (c). Lines repre-
sent the mean (heavy line) % standard error (light line) for each
treatment. The black line signifies ambient temperature and CO,.
Gray is ambient temperature and elevated CO,. Red is high
temperature at ambient CO,, and maroon is high temperature and
high CO,. The dotted vertical line signities peak absorbance for
chlorophyll a (675 nm)

increased with elevated temperature in M. hirsuta
(P <0.0001) and P. damicornis (P = 0.0104; Fig. 4a—c;
ESM Table S4). When viewed from the host perspective
(as g carbon translocated g host protein ), there were no
significant changes in translocation rates (Fig. 4d—f; ESM
Table S4). The fraction of photosynthate translocated to the
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host did not change significantly with treatment type for M.
hirsuta or P. damicornis (Fig. 4h, I; ESM Table S4).
However, the percent of photosynthate translocated to the
host did increase with temperature for D. nummiforme
(P <0.0001; Fig. 4g; ESM Table S4). When net photo-
synthesis was compared to symbiont density, a nonlinear
trend was revealed with a noted exponential increase in
photosynthesis as cell density declined (Fig. 5). With
respect to linear trends between net photosynthesis and
total translocation, E. pallida had the highest ratio of net
photosynthesis:total translocation (m = 4.52), followed by
the two scleractinian corals M. hirsuta (m = 2.203) and P.
damicornis (m = 2.155; Fig. 5). Interestingly, the coral-
limorph, D. nummiforme had the smallest ratio
(m = 1.283) suggesting the largest amount of carbon
assimilated within the host and not the symbiont.

Principal components analysis

A total of three principal components (PC) with eigenval-
ues of greater than 1 were extracted from our analysis of
physiological variables (cellular density, chlorophyll,
chlorophyll volume , photosynthesis, translocation, per-
cent translocation, ETR, 6pgyy, Fv/Fm, absorbance; Fig. 6).
Physiological PC1 (eigenvalue = 4.95) explained 45 % of
the variance, whereas PC2 (eigenvalue = 1.949) and PC3
(eigenvalue = 1.218) explained an additional 17.7 and
11 %, respectively. Host density, volume, percent translo-
cation, 6pgy; and absorbance all had their highest loadings
on PCI and varied positively, whereas photosynthesis and
Fv/Fm varied negatively (Table 4). Highest loadings for
chlorophyll, chlorophyll volume and ETR correlated
positively with PC2.

Discussion

Previous work has suggested carbon limitation in some
symbiont species (Weis 1993; Brading et al. 2011). From a
photochemical perspective, greater availability of CO,
through ocean acidification may alleviate such limitation
by providing a greater sink through the photosynthetic
electron transport chain and maintaining the plastoquinone
pool in a more oxidized state. This may reduce potential
heat stress to the PSII reaction center, a common site of
thermal damage in thermally sensitive symbionts (Warner
et al. 1999; Hill et al. 2011). For Symbiodinium C3, an
increase in pCO; partially mitigated the thermal decline in
Fv/Fm. Under ambient pCO, conditions, 6pgy; increased
with temperature, increasing the light energy captured for
photochemistry, and thus increasing the partial pressure
over PSII and the potential for PSII degradation. However,
elevated pCO, mitigated the thermal increase in 6pgj,
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Fig. 4 Net photosynthesis, translocation and percent translocation for
Discosoma nummiforme (a, d, g), Montipora hirsuta (b, e, h) and
Pocillopora damicornis (c, f, 1). Averages plus standard error (n = 6)

thereby reducing the potential for reaction center degra-
dation and allowed for thermal mitigation of Fv/Fm. This
contrasts with the D/ symbiont, where reductions in ETR
were also observed, although both thermal and pCO,
induced increases in maximum quantum yield. However,
for the DI symbiont, I'pg;; decreased with temperature,
reducing the number of photons used for photosynthesis
and decreasing ETR despite an increase in overall effi-
ciency of PSII. Importantly, maximum quantum yields
were relatively low within all species, consistent with
yields observed in high-light acclimated symbionts (Ro-
bison and Warner 2006; Hennige et al. 2009). Likewise,
Fv/Fm did not decrease over time within the control
treatments (data not shown), which further substantiates the
interpretation that these values reflect light acclimation as
opposed to photoinactivation.

It is interesting to note that the thermal increase in net
photosynthesis in the D/ symbiont contrasted with a
reduction in ETR. Major differences in the thermal
response for these two metrics of photosynthetic activity
suggest some decoupling between linear electron flow and
downstream carbon utilization. For many classes of phy-
toplankton, as much as 60 % of gross photosynthesis can
represent non-carbon assimilatory electron flow (Suggett
et al. 2009; Halsey et al. 2013). In addition, a recent study

are shown for two pCO; levels and two temperatures (26.5 °C: open
bars, 32 °C: dark bars). The designation ‘temp’ indicates a significant
temperature effect (two-way ANOVA)

showed photoreduction of oxygen to be a major alternative
electron sink for cultured Symbiodinium during photosyn-
thesis (Roberty et al. 2014). Hence, the reduction of ETR in
the D/ symbiont may reflect an alleviation of alternative
electron flow and a greater use of reductant for carbon
fixation in the Calvin cycle. In addition, the mitochondrial
alternative oxidase (AOX) pathway may also be an
important factor in this reduction of ETR, as AOX can
account for 25-50 % of respiration in Symbiodinium and
serve as a major electron sink (Oakley et al. 2014). A
reduction in any or all of these pathways due to elevated
temperature could explain the dichotomy between the
reduction in PSIT ETR and increased carbon incorporation
observed here.

Along with PSII photochemical efficiency, reductions in
symbiont number and chlorophyll concentration can indi-
cate thermal or pCO, stress and/or acclimation (Grottoli
et al. 2006; Kaniewska et al. 2012; Takahashi et al. 2013).
A loss of symbionts is often thought to result from an
increase in reactive oxygen species (ROS) produced by the
symbionts under thermal stress (Suggett et al. 2008; Weis
2008; Baird et al. 2009). Although the photochemical
evidence suggests that the C3 symbiont was thermally
sensitive while the C/5 and D/ symbionts were more
thermally tolerant, patterns in symbiont density did not
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match this trend. Discosoma nummiforme maintained
symbiont number, while both scleractinian species lost
symbionts. As has been previously suggested (Hawkins
et al. 2015; Krueger et al. 2015), increases in host ROS
may have induced bleaching at high temperatures despite
major evidence of thermal damage within the D/ and C/5
symbionts. For D. nummiforme, greater host ROS scav-
enging and/or minimal increase in host ROS production
may have allowed for stable symbiont cell numbers at high
temperatures despite obvious signs of photostress in the C3
symbiont. Nevertheless, reductions in cellular density and/
or chlorophyll content are likely to impact the light envi-
ronment for remaining cells.

For free-living phytoplankton, larger cell size tends to
lead to smaller functional absorption cross sections,
thereby reducing the susceptibility to photodamage from
high-light stress (Finkel 2001; Key et al. 2010). This is
typically due to a greater package effect as self-shading
among chlorophyll molecules within the cell becomes
more pronounced as cell size increases (Kirk 1994).
Thermal reduction in chlorophyll a in the C3 symbiont
likely reduced the package effect, allowing for greater light
capture per chlorophyll molecule. However, as previously
mentioned, an increase in T'pg;; only occurred within the
ambient pCO, treatment, indicating a greater target for
light harvesting and photochemistry at PSII under ambient
pCO, conditions. The functional absorption cross section
of PSII has been noted to both increase and decrease in
free-living phytoplankton under high CO, which may be
due to a reconfiguration of the light-harvesting antenna (Jin
et al. 2013; Trimborn et al. 2014).

Despite a ca. 50 % reduction in cell density, absorbance
within M. hirsuta increased with temperature. It is possible
that this resulted from the slight increase in chlorophyll
content and cellular volume, enabling better light capture
within the symbiont. Alternatively, changes in the vertical
distribution of remaining symbionts within the host tissue
may also have influenced absorbance readings (Wang-
praseurt et al. 2012). Changes in host fluorescent protein
content may also have influenced the absorbance readings
at elevated temperature. High-light acclimation increased
fluorescence within the scleractinian coral Galaxea fasci-
cularis (Ben-Zvi et al. 2014), and a similar increase in
perceived light with a decrease in symbiont density within
M. hirsuta may have triggered an increase in host fluo-
rescent protein content, thereby increasing the absorbance
under high temperature. An equally large (ca. 50 %) ther-
mal reduction in cell density also occurred in P. damicornis
in the ambient pCO; treatment. However, a loss in
chlorophyll, along with an increase in cell size, resulted in
major differences in intracellular chlorophyll density, lar-
gely influencing the light capture properties and the
absorption spectra of this coral (Fig. 3c). These changes in
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Table 4 Factor loadings for
each variable within the

principal components (PC)
analysis

Variable PC1 PC2 PC3
Symbiont density 0.8587907

Symbiont cellular volume 0.8508846 0.34858176
Chl a per cell 0.3342978 0.75811851 0.4413911
Chl a per lmi3 —0.417146 0.79116453

Photosynthesis cellil —0.8344981

Total translocation 0.4939742 0.38862835 —0.25631065
Percent carbon incorporation 0.8148029

Electron transport rate —0.3861814 0.54240622 —0.27588867
Functional absorption cross section of PSII 0.6561665 —0.62267484
Fv/Fm —0.760152 0.52984781
Absorbance at 675 nm 0.6608214 0.42105893

Only significant (P \ 0.05) correlations are included. Values in bold indicate the axis of strongest loading

for each physiological variable

absorption contrast with that of D. nummiforme where,
despite a significant loss in cellular chlorophyll a with
elevated temperature, the high symbiont density (normal-
ized to animal protein) and absence of any change in cell
volume led to minimal differences in colony absorbance. In
addition, the lack of a highly reflective calcium carbonate
skeleton and the greater tissue thickness may have further
influenced this trend in D. nummiforme. Although further
studies are needed to fully understand these bio-optical
properties, it is clear that differences in morphology and
light absorbance among anthozoan body types and cell
physiologies can significantly influence the internal light
field and productivity rates and likely further influence
downstream processes important to host—algal symbioses.
Although major differences in net photosynthetic rates
among symbiont types were apparent, no differences in
translocation rate were observed among species or treat-
ment conditions. Our results are similar to those observed
for the coral Stylophora pistillata, where net phpfosyn-
thesis and translocation rates were measured via C iso-
topic analysis and did not change under high pCO,
(Tremblay et al. 2013). However, Tremblay et al. (2013)
noted that the percent of translocated photosynthate did
increase with high pCO,, whereas no change in percent
translocation in P. damicornis or M. hirsuta in response to
pCO; or temperature was noted here. Methodological dif-
ferences may play a role in this comparison since the '*C
method cannot account for autotrophically fixed carbon
that is then respired, which may cause an underestimation
in photosynthetic rates and translocation (Tremblay et al.
2012). Likewise, the significantly higher pCO, concentra-
tion (3898 1atm) used by Tremblay et al. (2013) may have
played a role in this difference. Increased pCO, signifi-
cantly increased productivity rates for several different

anemone species (Suggett et al. 2012; Towanda and
Thuesen 2012; Gibbin and Davy 2014); however, no
changes in the percentage of photosynthate translocated to
the host have been reported under elevated pCO,.

Comparisons of productivity rates revealed a negative
correlation between cell density and net photosynthesis
(Fig. 5a). Additionally, increased photosynthesis with ele-
vated temperature was only observed for the two sclerac-
tinians, where cell density also declined significantly,
further strengthening the inverse relationship between
productivity and cell density. A similar relationship was
reported by Middlebrook et al. (2010) for Acropora for-
mosa under thermal stress, where photosynthetic rates were
measured via O, evolution. As previously mentioned,
symbionts living in hospite are thought to be DIC limited
(Weis 1993; Davy and Cook 2001; Wooldridge 2009). By
reducing the cell density within the host, DIC availability
may increase for the remaining symbionts, thus increasing
the photosynthetic rate per cell. The two figures [Fig. 2¢c
from Middlebrook et al. (2010) and Fig. 5a in this manu-
script] show that this inverse relationship between photo-
synthesis and cell density exists both within the
physiological constraints of a single species (Middlebrook
et al. 2010) and as a ubiquitous response across multiple
symbioses (Fig. 5a).

The physiological characteristics of each host—symbiont
combination are critical for understanding the overall
symbiosis and its unique acclimation strategy in response
to environmental stress. The comparison between net
maximal photosynthesis algal cell ~ (P) and total carbon
translocation algal cell (T; Fig. 5b) provides a simple yet
useful ratio (P:T) comparison for assessing different sym-
bionts in hospite. The slope and range of data provides a
snapshot of one benefit of these symbioses, providing a

1 Springer



Coral Reefs

useful comparison among taxa as we attempt to better
understand how climate change will influence different
anthozoan—symbiont symbioses. Because the data reflect
conditions under a range of physical stressors including
controls, the resulting slopes for each species are indicative
of each symbiosis across a physiological continuum. The
greater slope of the relationship for E. pallida is indicative
of symbionts translocating far less photosynthate to their
host relative to their rate of carbon production, whereas the
P:T ratio of D. nummiforme is much closer to unity and
suggests that the C3 symbiont shares a much larger per-
centage of the autotrophically fixed carbon with their host,
regardless of the condition or applied stressor.

Overall, P. damicornis and D. nummiforme showed
major changes in physiology in response to temperature,
whereas little change was observed for M. hirsuta (Fig. 6).
Differences in the biophysical and bio-optical properties
along with carbon uptake and translocation form three
clearly distinct host-symbiont combinations, each with a
notably different response to thermal stress. The Cartesian
distance among species within the PCA plot, along with the
direction of change in response to elevated temperature,
indicates major physiological differences in thermal stress
mitigation or acclimation. Importantly, because fragments
for each species were initially collected from a single
colony, our results cannot be used to understand a popu-
lation-wide response. Nevertheless, a large degree of
physiological plasticity is still observed both within dif-
ferent fragments of the same colony and across the three
coral species. Understanding how differences in physio-
logical plasticity among coral species may influence the
impact of future climate change on coral reef systems is an
increasingly important topic. However, the unique accli-
mation strategies inherent to each host-symbiont combi-
nation require measurement of a broader spectrum of
physiological variables to accurately characterize plasticity
in response to environmental stress.

As noted for the C/ and D/ symbionts, similar thermal
reductions in ETR can be brought about via vastly different
photophysiological responses to elevated temperature and
pCO,. Additionally, reductions in PSII activity were not
reflected within in overall carbon fixation which suggests
that care must be taken when interpreting chlorophyll
a fluorescence data alone. The inverse relationship between
cell density and net photosynthesis corroborates previous
work on carbon limitation and how it may apply during
thermal bleaching events. Lastly, differences in the P:T
ratios provide a unique metric with which to compare
symbionts across different host-symbiont combinations.
Future work will need to better focus on host—symbiont
physiological diversity to better understand which cnidar-
ian symbioses are more or less well poised to survive future
climate change conditions.
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